The 5' ends of two early herpes simplex virus type I mRNAs have been identified by nuclease S1 and exonuclease VII analysis using cloned virus DNA probes. These mRNAs (5.0kb and 1.2 kb), located within the genome region between map coordinates 0.56 and 0-60, are unspliced and share a 3' terminus. Genomic DNA at the 5' ends has been sequenced and the 5' termini have been located on the virus DNA sequence. The DNA sequence has revealed signals involved in the initiation of transcription of both mRNAs, and the 5' end of the 1-2 kb mRNA is encoded within the internal sequences of the 5.0 kb mRNA. The probable translational initiation codons for the polypeptides specified by these mRNAs have been identified, and the results indicate that the coding regions of the two mRNAs do not overlap.
INTRODUCTION
Studies on the transcription of adenoviruses and papovaviruses have revealed that many of their transcription units generate mRNA families which are both 5' and 3' co-terminal. Within such transcription units, the various different mRNAs are generated by differential splicing of the primary transcripts (Ziff, 1981) .
Transcription of herpes simplex virus (HSV) has been less extensively studied; however, the majority of mRNAs so far examined are unspliced Costa et al., 1981 ; McKnight, 1980; F. J. Rixon & J. B. Clements, unpublished results) . The exceptions are two HSV-I immediate-early mRNAs which have a common 5' portion containing an intron located 5' to their translational initiation codons (Rixon & Clements, 1982; Watson et al., 1981) , and the mRNAs from a single, late HSV-I transcription unit which have also been reported to be spliced (Frink et al., 1981a) .
Previously, we have analysed the structures of two overlapping HSV-I mRNAs [5.0 kb (kilobases) and 1.2 kb] which map in the HindlII k/BamHI o region of the genome (McLauchlan & Clements, 1982) . These mRNAs share a 3' terminus and have 3' unspliced portions which extend 770 bases to the right of the HindlII cleavage site at map coordinate 0-586 (Fig. 1 ). Both mRNAs are synthesized at very early times post-infection and they exhibit a similar temporal pattern of appearance and disappearance in the cytoplasm.
The genome region at which these HSV-1 mRNAs map is of interest since it corresponds to an HSV-2 region, containing the BgllI n fragment, which has been reported to cause morphological transformation of cells in vitro (Reyes et al., 1979) . While the HindlII k/BamHI o region of the HSV-1 genome appears not to transform cells in vitro (Reyes et al., 1979) , the polypeptides specified by the equivalent HSV-1 and HSV-2 genome regions are similar in size Galloway et al., 1982) .
Here, we locate the 5' termini of the overlapping 5-0 kb and 1-2 kb mRNAs by nuclease S1 and exonuclease VII digestions using 5'-labelled DNA probes. Genomic DNA around the locations of the 5' ends has been sequenced, and signals involved in the initiation of transcription have been identified. Putative polypeptide coding regions of the mRNAs have also been identified. 
METHODS

Cells and virus.
Baby hamster kidney 21 (C13) cells were grown as monolayers in 800 ml plastic tissue culture flasks (Clements et al., 1977) . For the production of early RNA (3 h post-infection), cell monolayers were infected with HSV-1 (Glasgow strain 17) at I0 p.f.u./cetl. This was increased to 50 p.f.u./cell to produce immediate-early RNA and cycloheximide-released RNA. As appropriate, cell monolayers were pretreated and maintained in medium containing cycloheximide as described previously (Clements et al., 1977) . For isolation of cycloheximidereleased RNA, the cycloheximide was removed by washing the cells three times with cycloheximide-free medium at 37 °C. Infection was then continued for 1 h in cycloheximide-free medium at 37 °C, after which the RNA was isolated.
Cell fractionation and isolation of RNA. Cytoplasmic cell fractions were prepared and RNA was isolated as described previously (Kumar & Lindberg, 1972) .
Enzymes. All enzymes were obtained from Bethesda Research Laboratories or New England Biolabs, with the exception of T4 polynucleotide kinase (P-L Biochemicals) and nuclease S 1 (Boehringer). DNA was digested with restriction endonucleases at 37 °C in 50 to 200ttl 6mM-Tris-HCl pH7-5, 6mM-MgC12 and 6mM-2-mercaptoethanol.
Cloning procedures. Fragments of HSV-I DNA, generated using restriction endonucleases, were cloned within the Institute of Virology under Category I containment conditions (U.K. Genetic Manipulation Advisory Group). The host bacterium was Escherichia coli K 12 HB 101 and the cloning vector was pAT153 (Twigg & Sherratt, 1980) . Isolation of cloned virus DNA was as described by Davison & Wilkie (1981) .
Purification and end-labelling of DNA fragments. Purification of DNA fragments from agarose or polyacrylamide gels, and labelling of the 5' and 3' ends was carried out as described by McLauchlan & Clements (1982) .
In order to generate fragments with uniquely labelled ends, the DNA fragments, either 5"-or 3'-labelled at both ends, were redigested with a second restriction endonuclease.
Structural analysis of mRNAs. Structural analysis of mRNAs was performed using the nuclease S1 and exonuclease VII digestion procedures of Berk & Sharp (1978) , modified by using either 5'-or 3"-end-labelled DNA probes instead of uniformly labelled DNA (Weaver & Weissmann, 1979) .
Either 5-or 3'-labelled DNA (less than 1 ~tg) was co-precipitated with 50 lag of cytoplasmic RNA from infected or mock-infected cells. The DNA/RNA pellet was resuspended in 20 ~tl of 90~ (v/v) formamide (deionized with Amberlite monobed resin MB-1), 400 mM-NaC1, 40 mM-PIPES pH 6.8, 1 mM-EDTA. This mixture was heated to 90 °C for 3 min then incubated at 57 °C or 57-5 °C for either 5 h or 16 h. Prior to nuclease treatment, the hybridization mixtures were rapidly quenched on ice.
Nuclease S1 digestion was performed at 37 °C for 1 h in 200 Ixl of 250 mM-NaCI, 30 raM-sodium acetate pH 4.5, 1 mM-ZnSO4 with 4000 units of nuclease S1. The nuclease Sl-digested hybrids were extracted with phenol/chloroform then precipitated with ethanol. The digestion products were analysed by gel electrophoresis.
Exonuclease VII digestion was performed at 37 °C for 1 h in 200 ttl of 6.7 raM-potassium phosphate pH 7.9, 8-3 mM-EDTA, 10 mM-2-mercaptoethanol with 0-5 units of exonuclease VII. The exonuclease VII-digested hybrids were extracted with phenol/chloroform, desalted on a Pharmacia PD-10 Sephadex G25M column and precipitated with ethanol. The digestion products were analysed by gel electrophoresis. Due to the processive nature of exonuclease VII activity (Chase & Richardson, 1974) , this enzyme will leave several undigested nucleotides at a hybrid end. This accounts for the slightly larger size of the exonuclease VIIresistant bands as compared to the equivalent nuclease Sl-resistant band.
Gel electrophoresis. Samples were electrophoresed either on non-denaturing 1.5~ (w/v) agarose gels in a buffer containing 90 mM-Iris, 90 mM-tmnc acid pH 8-3, 1 mM-EDTA or on alkaline 1.5~ (w/v) agarose gels in 30 mMNaOH, 2 mM-EDTA. Electrophoresis was carried out at room temperature for 16 h at 50 V. All gels were then dried down and the bands visualized by autoradiography at -70 °C using Kodak X-Omat-S film.
Denaturing polyacrylamide gels, essentially as described by Maxam & Gilbert (1980) , were run in 90 mi-Tris, 90 mM-boric acid pH 8-3, 1 mM-EDTA and the gels contained 9 M-urea. Samples were dissolved in deionized formamide and denatured at 90 °C for 2 min before loading. Electrophoresis was carried at room temperature for 3 to 6 h at 40 W. The radiolabeUed bands were detected by autoradiography.
DNA sequencing. DNA sequences were determined by chemical degradation (Maxam & Gilbert, 1980) of 5'-and 3"-labelled DNA fragments.
R E S U L T S
5' termini of mRNAs mapping in HindlII k
The 5' portions of the mRNAs were investigated using HindlII k (coordinates 0.524 to 0.586) which was 5'-labelled at both ends. This D N A probe was hybridized to infected and mockinfected RNAs and, after nuclease S1 digestion, the products were separated on 1'5~o (w/v) neutral and alkaline agarose gels (Fig. 2a) .
Three protected DNA fragments of 4.2, 2.6 a n d 0.37 kb were detected with the cycloheximide-released infected cell RNA (Fig. 2a, lane 2) and the 0.37 kb product was the most abundant. These sizes were similar on neutral and alkaline gels, suggesting that those portions of the three mRNAs mapping in HindlII k were unspliced.
The 5' ends of these mRNAs were orientated with respect to each end of HindlII k by hybridizations with the uniquely labelled (at coordinate 0.586) larger fragment derived by cleavage of Y-labelled HindIII k with HpaI (coordinate 0-528). By using this probe, two major nuclease Sl-resistant bands of 4-2 kb and 0-37 kb were detected on neutral gels (Fig. 2b, lane 2) , thus locating the 5' ends of two m R N A s which are transcribed rightwards across the HindIII cleavage site at coordinate 0.586 (Fig. 3) . The almost complete disappearance of the 2-6 kb b a n d using the HpaI-cleaved HindIII probe implies that a leftwards-transcribed m R N A has its 5' end located 2.6 kb from the HindIII cleavage site at coordinate 0.525 (Fig. 3) . Previously, we have shown that the 3' ends of the two rightwards-transcribed m R N A s are located 770 bases into HindIII l (coordinates 0-586 to 0-640; M c L a u c h l a n & Clements, 1982). Therefore, the total sizes of these m R N A s are approximately 5.0 kb a n d 1-2 kb.
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Precise map location of the 5" end of the 1-2 kb mRNA. An HpaI/HitidIII fragment (coordinates 0-528 to 0.586), uniquely 5'-labelled at the H/ndII! site at 0.586, was hybridized to RNA samples: lanes 1 and 3, 3 h infected cell cytoplasmic RNA; lanes 2 and 4, mock-infected cell cytoplasmic RNA. Samples 1 and 2 were digested with nuclease S1 and samples 3 and 4 were treated with exonuclease VII. The nuclease-resistant material was subjected to electrophoresis on an 8~. denaturing polyacrylamide gel together with pBR322 DNA/HpaII markers. (b) An 8 ~. polyacrylamide sequencing gel which locates the 5' terminus of the 1-2 kb mRNA on the DNA sequence of the strand coding for the 1.2 kb mRNA. BamHI o was uniquely 5'-labelled at a HinfI site (Fig. 8, position 527 ). This probe was used for sequencing and also was hybridized to RNA samples: lane 1, 3 h infected cell cytoplasmic RNA; lane 2, mock-infected cytoplasmic RNA. Samples 1 and 2 were digested with nuclease Sl.
5' terminus o f the 5"0 kb m R N A
The 5' end of this m R N A was located using a H i n d I I I / B a m H I subclone of HindlII k (Fig. 1,  coordinates 0 .525 to 0.568). This fragment was uniquely 5'-labelled at the B a m H I site then hybridized to infected and mock-infected R N A samples. Following nuclease S1 or exonuclease VII treatment, samples were electrophoresed on an 8 ~ denaturing polyacrylamide gel (Fig. 4a) .
The single protected band of 770 nucleotides was detected with the infected cell R N A only. The size was similar in the exonuclease VII-and nuclease Sl-treated samples (Fig. 4a, lanes 1  and 3 respectively) , indicating that the 5' portion of the 5-0 kb m R N A was unspliced.
A more precise location of the 5' terminus was obtained using a 5'-labelled XhoI fragment (Fig. 1, coordinates 0 .542 to 0.564). A nuclease Sl-resistant product of 197 nucleotides was observed with infected cell R N A ; however, the exonuclease VII-resistant product was about 205 nucleotides (Fig. 4b, lanes 1 and 3) . This small size difference is due to the processive nature of Fig. 6 . The restriction endonuclease sites which were used to determine the nucleotide sequences shown in Fig. 7 (5.0 kb mRNA) and Fig. 8 (1-2 kb mRNA).
exonuclease VII activity as explained in Methods. Therefore the 5' terminus is located 197 nucleotides from a XhoI site (Fig. 7, position 289) , as determined by the nuclease Sl-resistant product.
5' terminus of the 1.2 kb mRNA
The 5' end was located using 5'-labelled HindlII k. This fragment was hybridized with RNA extracted from cells 3 h after infection, and with mock-infected cell RNA. A band of 375 nucleotides was detected in both nuclease S 1-and exonuclease VII-digested RNA from infected cells (Fig. 5a, lanes 1 and 3) . This located the 5' end at 375 nucleotides from the HindlII site (Fig.   1 , coordinate 0.586) and indicated that the 5' portion of the 1.2 kb mRNA was unspliced.
The 5' end was more precisely located within a HinfI/SalI fragment (Fig. 8 , positions 252 to 527) of BamHI o, using a fragment which was uniquely 5'-labelled at the HinfI site. Following hybridization and nuclease S1 treatment, the samples were electrophoresed on an 8~o polyacrylamide sequencing gel along with the G and G + A sequence reaction products of the DNA probe (Fig. 5 b) . The sequence on the gel is that of the DNA strand complementary to the 5-0 kb and 1-2 kb mRNAs. The 5' end extended 157 bases from the HinfI site and the precise location of the 5' terminus is indicated on the DNA sequence (Fig. 8) .
Nucleotide sequences at the 5' termini of the 5.0 kb and 1.2 kb mRNAs
Sequences were determined by the chemical method (Maxam & Gilbert, 1980 ) using cloned virus DNA fragments which were uniquely 5'-or T-labelled at restriction endonuclease cleavage sites. The restriction endonuclease sites which were used to determine the nucleotide sequences are shown in Fig. 6 . All of the sequences shown were obtained for both strands of the DNA, and the sequence data shown in Fig. 8 were determined using DNA isolated from two independently derived clones.
The 5' end of the 5.0 kb mRNA, located at position 93 (Fig. 7) , is positioned at the first adenosine residue within the sequence GTACCA. Similarly, the 5' end of the 1.2 kb mRNA is located at the guanosine residue within the sequence ATGTAC (Fig. 8, position 371 ). Sequences at both these termini resemble the 'cap' site sequence found for other eukaryotic genes from diverse sources (Busslinger et al., 1980) . 'TATA' box sequences (Corden et al., 1980) GGGGCCAGCAGGCATCCCCCGCTCCCTCCGTTGCTGTG'ACAAACATCGG 32 bp (base pairs) and also at 46 bp upstream from the 5' end of the 1-2 kb mRNA is the pentameric sequence GGTCC which closely resembles the consensus sequence GATCC, sometimes observed at eukaryotic promoter regions (Busslinger et al., 1980) ; no close homology to this sequence is found upstream from the 5' end of the 5.0 kb mRNA.
Coding regions of the 5.0 kb and 1.2 kb mRNAs
The 5-0 kb mRNA, by in vitro translation, specified a polypeptide of 140000 mol. wt. . The first ATG triplet is located 227 bases downstream from the 5' end of the 5.0 kb mRNA (Fig. 7, position 319 ) and this initiation codon lies in the only open reading frame which extends for 332 bases, the limit of our data. The C-terminal location of the 140000 polypeptide is unknown; however, an open reading frame of 452 bases in our sequence data extends to 82 bases downstream from the 5' end of the 1.2 kb mRNA (Fig. 8, position 453) . The 1.2 kb mRNA, by in vitro translation, appeared to specify a polypeptide of 40000 mol. wt. . The first ATG triplet within the sequences of the 1.2 kb mRNA is located 68 bases downstream from the 5' end (Fig. 8, position 438) ; however, this reading frame is closed after 5 codons. A second ATG triplet is positioned 86 bases further downstream (Fig. 8,  position 524 ) from the first ATG triplet, and this codon lies in an open reading frame which extends throughout the next 214 nucleotides to the limit of our sequence.
DISCUSSION
We have analysed the 5' portions of two overlapping mRNAs (5-0 kb and 1-2 kb), specified by HSV-1 strain 17, which map at the HindlII k/l region of the genome and have located their 5' termini on the genomic DNA sequence. Nuclease S1 and exonuclease VII analyses indicate that the 5' portions are unspliced. The mRNAs share a 3' terminus located in HindlII 1, and their 3' portions also are unspliced. Anderson et al. (1981) have described the 5-0 kb and 1.2 kb mRNAs in cells infected with HSV-1 strain KOS and also have mapped 7.0 kb and 1-5 kb mRNAs within this region. These additional mRNAs appeared to have common 5' ends and they suggested that the 7.0 kb mRNA was 3' co-terminal with the 5.0 kb and 1-2 kb mRNAs.
We did not detect the 7-0 kb and 1.5 kb mRNAs; however, this may be a reflection of virus or cell strain differences. The relative abundance of individual mRNAs can vary, as evidenced by comparing the levels of the 5.0 kb and 1.2 kb mRNAs in cells infected with either strain 17 or strain KOS. Strain 17 produces much more of the 1-2 kb mRNA relative to the 5-0 kb species (Fig. 2b, lane 2) , whereas the 1-2 kb mRNA was only just detectable in ceils infected with KOS .
The 5.0 kb and 1.2 kb mRNAs comprise a transcription unit which consists of unspliced, 3' co-terminal mRNAs with different 5' ends. Signals involved in transcription initiation of the 1-2 kb mRNA (such as the 'TATA' box, cap site and pentameric sequence) are present within the 5.0 kb mRNA sequences. A transcription unit with this type of organization does not fit into either of the two categories outlined by DarneU (1982) ; it is neither 'simple' (more than one polypeptide is encoded) nor 'complex' (there is no splicing or more than one poly(A) site).
Transcription units with similar arrangements have been described in adenovirus types 2 and 5, and in yeast. The yeast invertase locus specifies two apparently unspliced mRNAs which code for different forms of invertase (Carlson & Botstein, 1982) . These mRNAs are 3' co-terminal and the 5' end of the 1-8 kb mRNA is located within the sequences specifying the 1.9 kb. In adenovirus, the 'TATA' box for polypeptide IX mRNA, an unspliced message, lies within the intron sequences of the EIb transcription unit (Alestrom et al., 1980) ; the 5' end of IVa2 mRNA is located within DNA sequences encoding the EIIb mRNAs (Stillman et al., 1981) and the 'TATA' box for the EIIa late mRNAs is located within a region that is expressed at early times (Chow et al., 1979) .
In the adenovirus cases, the 5' end of a late mRNA is located within a region that is expressed at early times. In contrast, the 5-0 kb and 1-2 kb HSV-1 mRNAs are both early species which appear in the cytoplasm simultaneously (McLauchlan & Clements, 1982) and there is no constraint on initiation of the 1.2 kb mRNA.
The nucleotide sequences at the 5' end of the 5.0 kb mRNA presented here largely agree with and extend those of Frink et al. (1981 b) . A striking difference is the absence in strain 17 of an apparently tandemly reiterated sequence (CCGCCGAAAC), located 40 bases upstream from the first ATG triplet in strain KOS. Both sets of data locate the 'TATA' box and cap site of the 5-0 kb mRNA in similar positions. However, we place the 5' terminus one nucleotide further downstream from the 'TATA' box.
The 5.0 kb mRNA encodes a 140 000 mol. wt. polypeptide , the aminoterminus of which has not been located. The first ATG triplet lies 227 nucleotides downstream from the 5' end, and is followed by an open reading frame which extends to the limit of our sequence. The 1,2 kb mRNA appears to encode a 40000 tool. wt. polypeptide. However, the reading frame following the first ATG triplet, 68 nucleotides downstream from the 5' end, is closed after 5 codons. A second ATG triplet, located 154 bases downstream from the 5" end, lies in an open reading frame that extends as far as we have sequenced.
The sequences flanking both the second ATG of the 1-2 kb mRNA and the first ATG of the 5.0 kb mRNA agree closely with the preferred signals for initiation of translation as described by Kozak (1981) . By contrast, the nucleotides flanking the first ATG in the 1.2 kb mRNA resemble those of non-functional initiation codons. The data provide no information on whether either mRNA is functional in translation: it is possible that the 5-0 kb mRNA could specify both polypeptides.
We propose that the amino-terminus of the 40000 mol. wt. polypeptide is specified by the second ATG triplet. Our RNA mapping and sequencing data indicate that the 140000 and 40000 tool. wt. polypeptides do not share coding sequences in common. Thus, the carboxyterminus of the 140 000 mol. wt. polypeptide appears to be located within sequences specifying the 5' untranslated leader of the 1.2 kb mRNA.
Recently, Draper et al. (1982) have published the complete nucleotide sequence of the 1.2 kb mRNA of strain KOS. Comparison of the strain KOS sequence with that of strain 17 presented here reveals a number of differences. Both sets of data indicate that the coding regions of the 140000 mol. wt. and 40000 mol. wt. polypeptides do not overlap; however, all three reading frames of strain KOS apparently terminate upstream of the 5' end of the 1-2 kb mRNA, in contrast to the situation already described for strain 17. Also, the first ATG in the 1-2 kb mRNA of strain 17 (Fig. 8, position 438) was not found in strain KOS. Finally, there are additional bases between positions 545 and 562 (Fig. 8 ) in strain 17 which are not present in the reported nucleotide sequence of strain KOS. The presence of these additional bases results in a different amino acid sequenc e for the 40000 mol. wt. polypeptide between positions 545 and 562 (Fig. 8) . Outside this region, the same reading frame is used in both sets of nucleotide sequence. In order to ensure that these differences were not due to sequencing errors in strain 17, the nucleotide sequence was derived from both strands of the DNA using 5'-and 3'-labelled DNA fragments (Fig. 6 ) and from two independently derived clones.
Furthermore, we have sequenced the equivalent region of HSV-2 (J. McLauchlan & J. B. Clements, unpublished results). The polypeptides in this region have molecular weights 'of 140000 and 35000 (Galloway et al., 1982) . Our results indicate that, as in HSV-I strain 17, the coding regions for the HSV-2 polypeptides donot overlap and that there is a reading frame which terminates within the sequences encoding the 5' end of a 1.2 kb mRNA. The nucleotide sequence in this region is highly homologous with that derived from strain 17 and the additional bases between positions 545 and 562 (Fig. 8 ) in strain 17 also are present in HSV-2.
